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Optomechanical damping of a nanomembrane inside an optical ring cavity
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Eberhard Karls Universita¨t Tu¨bingen, Auf der Morgenstelle 14, D-72076 Tu¨bingen, Germany
(Dated: May 14, 2019)
We experimentally and theoretically investigate mechanical nanooscillators coupled to the light
in an optical ring resonator made of dielectric mirrors. We identify an optomechanical damping
mechanism that is fundamentally different to the well known cooling in standing wave cavities.
While, in a standing wave cavity the mechanical oscillation shifts the resonance frequency of the
cavity in a ring resonator the frequency does not change. Instead the position of the nodes is shifted
with the mechanical excursion. We derive the damping rates and test the results experimentally
with a silicon-nitride nanomembrane. It turns out that scattering from small imperfections of the
dielectric mirror coatings has to be taken into account to explain the value of the measured damping
rate. We extend our theoretical model and regard a second reflector in the cavity that captures the
effects of mirror back scattering. This model can be used to also describe the situation of two
membranes that both interact with the cavity fields. This may be interesting for future work on
synchronization of distant oscillators that are coupled by intracavity light fields.
PACS numbers:
I. INTRODUCTION
Optomechanical forces acting on micro- and nanome-
chanical systems have been intensively investigated due
to their fundamental aspects in quantum mechanics of
macroscopic bodies and because of possible applications
in quantum metrology and hybrid quantum systems [1].
Important progress has been achieved during the last
years in cooling mechanical oscillators to their vibrational
ground state [2, 3]. The underlying damping mechanism
involves the coupling of a mechanical mode of the oscilla-
tor with an optical mode that is typically provided by the
light field inside a standing wave cavity. Complementary
setups have been realized: cavities with an oscillating
end mirror [4, 5], membrane-in-the-middle (MIM) cavi-
ties [6, 7], and evanescent-wave resonators [8]. In all of
these situations the optomechanical interaction is based
on the shift of the cavity mode resonance frequency ωc(x)
when the mechanical oscillator is displaced by x. This is
quantified in the parameter G = dωc
dx
[1].
For a membrane in a high finesse optical ring resonator
made from standard dielectric mirrors the optomechan-
ical damping is fundamentally different. An empty ring
cavity supports two degenerate modes formed by two
counter circulating travelling waves. As long as there
is no coupling between the waves their relative phases
are independent. A membrane inside the cavity scat-
ters light between the two modes and locks their phases.
This mode coupling also lifts the degeneracy which leads
to a line splitting in the cavity spectrum. The two new
eigenmodes are standing waves formed by orthogonal su-
perpositions of the circulating waves. The crucial point
now is that the nodes of these standing waves are locked
to the position of the membrane. If the membrane is dis-
placed in the cavity the standing waves are displaced by
the same amount without changing their eigenfrequen-
cies. Unlike in linear cavities, the steady-state resonance
frequency in an ideal ring cavity does not depend on the
position of the membrane, i.e. G ≡ 0. The standard
theory for optomechanical damping would thus predict
no damping at all. This is probably the reason why such
ring cavities have not been discussed so far in the context
of damping the motion of nanomechanical oscillators.
[9, 10]. What has been studied extensively is the coupling
of ring cavity modes to the mechanical motion of cold
atom clouds consisting of many thousands of atomic oscil-
lators with typically much smaller reflectivity than that
of a dielectric membrane [11]. The rich physics of such
coupled atom-photon-systems includes nonlinear dynam-
ics, optical bistability, strong coupling, collective scatter-
ing, dynamic instabilities, and self-synchronization [12–
18], topics which have all been discussed also in the con-
text of cavity optomechanics [1]. Moreover, Gangl et
al. predicted that cooling of particles can be even more
efficient in ring cavities than in standing wave cavities
[19]. It thus seems promising to start experiments with
macroscopic oscillators inside mirror ring resonators.
As it turned out, the below presented observed damp-
ing rates cannot be understood without taking into ac-
count mirror back scattering. Residual imperfections of
the dielectric mirror coatings can rescatter light between
the two circulating modes of the ring resonator. One
way to theoretically describe such back scattering is to
introduce a fictitious partially reflecting intra cavity mir-
ror that effectively captures the total scattering at all
optical surfaces inside the resonator. Such a model, how-
ever, can easily be extended to describe two membranes
in an ring resonator with the fictitious mirror now real-
ized by the second membrane. With this in mind, we
start Section II with deriving the equations for a ring
cavity that contains two membranes. We calculate the
steady state spectra and experimentally test them in air.
Section III describes the main experiment and presents
the observed mechanical damping rates in a single mem-
brane resonator in vacuum. In the theoretical Section IV
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FIG. 1: (a) Sketch of the investigated setup. A ring resonator made from high quality dielectric mirrors contains two nano
membranes with amplitude reflection ri, transmission ti and time dependent excursion xi. The fields E1 to E4 are each evaluated
at an infinitesimal displacement to the left resp. to the right of the membranes equilibrium position and are propagating clock-
wise resp. counter clock-wise in the cavity. (b) Calculated spectra of a ring resonator that contains a single membrane with
various reflection coefficient R1 = |r1|
2. The reflectivity of the second membrane is set to zero, R2 = 0. The membrane couples
the two circulating waves and lifts the mode degeneracy of an empty cavity. (c) Calculated energy density distribution of
the standing light waves in the cavity for both eigenmodes with R1 = 0.3 and R2 = 0. (d) Calculated mode splitting (blue
curve) for a ring cavity with two membranes with various separations (R1 = R2 = 0.3). Red squares denote the experimentally
observed splitting with the cavity in air.
we write down the equations of motion and introduce a
pertubation method to derive the optomechanical damp-
ing rates. We first apply the model to a single membrane
in an ideal resonator. It can be solved fully analytically
and is less involved than the full model for two mem-
branes. In a second step, backscattering is included and
the damping rate for the first membrane is calculated
semi analytically with the second membrane held fixed
in order to represent back scattering. Finally, the result
is discussed and compared to damping in linear cavities.
Section V concludes with an outlook to the physics in
real ring resonators with two membranes.
II. RESONATOR SPECTRA WITH ONE AND
TWO MEMBRANES
The scenario discussed here is shown in Fig. 1 (a). A
three mirror ring resonator contains two membranes with
complex amplitude reflectivity r1, r2 and transmittivity
t1, t2. The membranes are at equilibrium positions d1
and d2 measured from the input coupling mirror clock-
wise and counter clock-wise, respectively. They can oscil-
late around this position with a time dependent excursion
xi(t). The cavity round-trip length l sets the value of the
free spectral range νfsr = c/l with c being the vacuum
speed of light. The distance between the equilibrium po-
sitions of the membranes is d = l− d1 − d2. We describe
the light inside the resonator in the basis of four travel-
ling waves. Their steady state electric field amplitudes
immediately left and right of the two membranes can be
found by requiring self consistency after one round trip
3time τ = 1/νfsr:
E1 = t2E3rce
−iϕd + r2E4rce−iϕd−2ikx2 + tinEin,1eiϕ1
E2 = r2E3e
iϕd+2ikx2 + t2E4e
iϕd
E3 = r1E2e
iϕd−2ikx1 + t1E1eiϕd
E4 = t1E2rce
−iϕd + r1E1rce−iϕd+2ikx1 + tinEin,2eiϕ2 .
(1)
Here, rc = rle
ikl, ϕd = kd, ϕ1 = kd1, and ϕ2 = kd2. The
real valued parameter rl describes the field amplitude re-
duction after one cavity round-trip due to transmission
at the input coupling mirror. Uncontrolled losses due to
scattering and absorption at the optical elements are also
absorbed in an effective value for rl. In equilibrium the
excursions vanish, xi (t) = 0. We solve Eq. (1) numeri-
cally for unidirectional pumping, i.e. Ein,2 = 0, and plot
the intra cavity laser intensities as a function of detun-
ing. Spectra for a single membrane in an ideal resonator
(R2 = 0) are shown in Fig. 1 (b). The coupling of the
counterpropagating waves by the membrane leads to a
splitting of the two eigenmodes that increases with R1.
In the limit of R1 = 1 the ring transforms into a stand-
ing wave cavity and the resulting equidistant spectrum
is that of a linear cavity with a free spectral range which
is half of that of the ring cavity. In the experimentally
observed spectra (not shown here) the resonant inten-
sity of the two eigenmodes is not exactly equal. This
can be explained by the light intensity at the position of
the membrane which is different for the two modes, see
Fig. 1 (c). The amount of absorption inside the mem-
brane is thus different. The plotted light distribution is
particular for modeling the membrane as an infinitesi-
mally thin dipole sheet which results in a specific phase
of its complex reflectivity r1. For comparison, we have
also modeled the membrane as an extended layer with
50 nm thickness and calculated its total field reflectivity
from the single boundary Fresnel reflectivities at both
sides of the membrane. Using this more realistic model
the position of the standing wave node is slightly shifted
from the membrane position, but the qualitative behav-
ior stays the same.
If the position of a single membrane is shifted, the res-
onance frequencies of the cavity modes do not change, i.e.
for a single membrane in an ideal resonator G = 0. This
is different if the cavity contains a second membrane. It
generates its own standing wave in the cavity that adds
to the standing wave generated by the first membrane.
With increasing R2 the phase of the total standing wave
decouples from the position of the first membrane and G
can now differ from zero. The two membranes form an in-
tra cavity Fabry-Perot etalon whose reflectivity depends
on the membrane separation d. For destructive interfer-
ence in reflection, the cavity spectrum is that of an ideal
ring cavity without any internal reflector, i.e. the split-
ting observed in Fig. 1 (b) disappears. For constructive
interference in reflection, the overall reflectivity of the
intra cavity Fabry-Perot etalon becomes maximum and
the resulting splitting exceeds that of an ideal resonator
with a single membrane. This behavior is captured in
our model and we can compare the simulated splitting
for R1 = R2 = 0.3 to our experimental observation with
two membranes in the ring cavity (Fig. 1 (d). The exper-
iment is performed in air and we vary the distance d with
a piezo-transducer to which one of the membranes was
attached. Note that the signal is periodic in λ/2. The
plotted distance is thus defined only modulo half an opti-
cal wavelength λ. Simulations and measured data agree
reasonably, with a global offset of the experimental value
of d as only free parameter. From this offset all other dis-
tances are determined from the piezo voltage. We have
also tested the model by recording the splitting caused
by a single membrane, again with good agreement. De-
tails about the resonator geometry are found in the next
section.
III. EXPERIMENTAL OBSERVATIONS
Experimentally it is difficult to keep a membrane per-
fectly aligned over a longer time in vacuum. In standing
wave cavities a compact setup helps. For a ring resonator
this approach has its limits and it is not yet clear how to
solve the alignment problem with even two membranes
in the resonator. We thus restrict ourselves to experi-
ments with a single membrane. We glued the membrane
(Norcada NX5100A, low-stress, 1 mm2 × 50 nm) on a
piezo-transducer and positioned it in the mode volume
of the ring cavity with round-trip length l = 8.5 cm.
The angle of the membrane with respect to the cavity
axis is adjusted for normal incidence by means of a com-
pact and stable precision mirror mount. The finesse of
the cavity including the membrane has been determined
to be F = 520 by modulating the phase of the laser
beam with a frequency of 20 MHz and using the result-
ing side bands as frequency markers for measuring the
linewidth of the resonator. The cavity mirrors are di-
electric ”super mirrors” with specified scattering losses
below 5 ppm. These extreme values are only reached in
a clean room environment and may be somewhat higher
in our experiment. The transmission of the input cou-
pler is Tin = |tin|2 = 6.04 × 10−3. The cavity includ-
ing the nanomembrane is placed in a vacuum chamber
at a pressure of p = 2 × 10−8 mbar and is single sided
pumped with Pin = 10 mW by a standard grating sta-
bilized diode laser at a wavelength near 780 nm. The
laser frequency ν is electronically stabilized to the reso-
nance frequency of the cavity νc with variable detuning
∆ = νc−ν. Once the laser frequency is locked, the mem-
brane is mechanically excited with a piezo-transducer
that is harmonically driven at the resonance frequency of
the membrane Ωm ≃ 2π×130 kHz. The oscillation of the
membrane is detected by overlapping the two counter-
propagating modes on a beam splitter outside the cavity.
Due to the motion of the membrane the electric fields of
the two modes are phase-modulated with the membrane
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FIG. 2: (a) Ring-down measurements of membrane oscilla-
tion. For clarity, only some of the curves are plotted, the
number indicating the corresponding data point in the part
(b) of the figure. (b) Experimentally determined damping
rates. The error bars indicate the statistical error by evalu-
ating several curves with identical detuning. The solid line is
plotted solely for guiding the eye and illustrating the disper-
sive lineshape of the data points.
frequency Ωm. The detected beat signal at Ωm is ana-
lyzed with a spectrum analyzer in zero-span mode. The
measured power signal P (t) is thus proportional to the
quadratic displacement x2(t) of the membrane. After
exciting the membrane, we quickly switch-off the piezo
drive and measure the decrease of P (t) in a ring-down
experiment, see Fig. 2 (a). We determine the damping
rate Γ by an exponential fit P (t) ∝ exp (−2Γt). The re-
sult is plotted in Fig. 2 (b). No data could be taken close
to resonance for negative detuning because of strong self-
sustained oscillations. For positive detuning the max-
imum damping rate amounts to about 250 s−1. The
intrinsic damping of the membrane was determined at
large detuning to be 10 s−1.
IV. OPTOMECHANICAL DAMPING OF A
SINGLE MEMBRANE IN A RING CAVITY
In an ideal ring resonator without mirror back scat-
tering a single membrane is the only element that cou-
ples the two counter propagating traveling wave modes.
Therefore, a two mode model with amplitudes E1 and
E2 is sufficient and the modes with amplitudes E3 and
E4 can be dropped. Similar to the equations (1) we look
at the amplitudes after one round trip time τ = 1/νfsr.
E1 (t+ τ) = trcE1 (t) + rcre
−2ikxE2 (t) + tinEin,1eiϕ1
E2 (t+ τ) = trcE2 (t) + rcre
2ikxE1 (t) .
(2)
For simplicity, we drop the indices in r1, t1, and x1
for a single membrane. The equations of motion are
obtained by first order Taylor-expansion Ei (t+ τ) ≃
Ei (t) + τE˙i (t). The result can be expressed as
d
dt
~E =M(t) ~E + ~η, (3)
with matrix
M = νfsr
(
A B
C A
)
,
A := trc − 1 , B := rcre−i2kx , C := rcrei2kx ,
(4)
and field pump rate
~η =
(
η
0
)
, η :=
√
TinPin
~kc
νfsr .
(5)
The matrix M(t) contains the motion of the membrane
x(t) which varies slowly in time as compared to the time
scale of the cavity field dynamics. We thus can solve
equation (3) with the perturbation ansatz
~E = ~Ea (t) + ~δ (t) , (6)
with ~δ (t) being the non adiabatic correction to the in-
stantaneous adiabatic solution ~Ea (t) = −M (t)−1 ~η. In-
serting the ansatz (6) into (3) provides a differential equa-
tion for ~δ (t).
d
dt
~δ =M (t)~δ +
d
dt
(
M (t)−1 ~η
)
. (7)
We approximately solve this equation by assuming the
nonadiabatic correction to be always in equilibrium,
d~δ/dt = 0. This results in
~δ (t) = −M (t)−1 d
dt
(
M (t)−1 ~η
)
. (8)
5Inserting the matrix M from Eq. (4) into Eq. (8) the
approximate solution of the problem (3) can be written
analytically as
~Ea = − ηνfsr
det (M)
(
A
−C
)
,
~δ = 2ikx˙
ην2fsr
(det (M))
2C
( −B
A
)
,
(9)
More formally speaking, this procedure is equivalent to
replacing the total differential d
dt
by ∂
∂t
+v ∂
∂x
and expand-
ing the fields in powers of the membrane velocity v = x˙,
E± = E
(0)
± + vE
(1)
± + O(v2) [23]. Keeping only first or-
der terms is a good approximation if the energy decay
rate of the cavity κ is much larger than the oscillation
frequency of the membrane Ωm (”Doppler limit”). For
our experiment this is well fulfilled ( Ωm = 2π×130 kHz,
κ = 2π × 3.6 MHz).
A. Forces on the membrane
The forces on the membrane are derived from momen-
tum conservation for the fields ~E1 and ~E2 and the mem-
brane. Analogous to optical forces on cold atoms, the
forces can be separated into reflection and dipole force
Fref = 2~kνfsr · |r|2
(
|E1|2 − |E2|2
)
Fdip = 2i~kνfsr Im (r)
(
E1E
∗
2e
2ikx − E∗1E2e−2ikx
)
.
(10)
The radiation pressure force due to photon absorption in
the membrane is very small and can be neglected. By in-
serting the ansatz (6) into (10) and in the approximation
of small oscillation amplitude, x ≪ λ, the viscous parts
of the forces proportional to δ ∝ x˙ take the form
Fref,x˙ = 4~kνfsr · |r|2Re (Ea,1δ∗1 − Ea,2δ∗2) ,
Fdip,x˙ = 4i~kνfsr Im (r) Im
(
Ea,1δ
∗
2 + E
∗
a,2δ1
)
.
(11)
The total damping force is related to the optomechani-
cal damping rate by F = Fref,x˙ + Fdip,x˙ = meffΓoptx˙
resulting in
Γopt = Γ0 ·K1 ·K2 ,
Γ0 :=
TinPin
meffc2
kl ,
K1 :=
8
|p2 − q2|4 ,
K2 :=Re
(
q∗
(
p2 − q2))×
×
(
2 |r|2 Im (pq∗)− Im (r)
(
|p|2 − |q|2
))
,
p := trc − 1 q := rrc .
(12)
We are interested in the damping rates near the op-
tical resonances of the cavity. The frequency depen-
dence is described by the complex round trip reflectiv-
ity rc = rle
ikl which contains the phase φ = kl that the
light field accumulates during one round-trip. By ana-
lyzing the resonance denominator of K1 one finds that
there are two resonances at φ = φ± with eiφ± = r ± t.
We expand Γopt (φ) around the resonance φ+ by setting
cos (φ+ − φ) ≈ 1− 12 (φ+ − φ)2. The frequency detuning
∆ and the cavity energy decay rate κ can be expressed by
∆ = νfsr (φ+ − φ) and κ = 2νfsr (1− rl). We also make
the standard approximation 1 − r2l = (1 + rl) (1− rl) ≈
2 (1− rl) = κνfsr = piF which is valid for small round-trip
losses, i.e. rl ≈ 1. Finally one arrives at an analytic ex-
pression for the optomechanical damping rate of a single
membrane in an ideal ring resonator:
Γopt =
1
4
Γ0 · ν2fsr
−4∆κ
(κ2/4 + ∆2)
2 (13)
The extreme values
Γmax = ∓3
√
3
8
Γ0 ·
(
F
π
)2
(14)
are obtained for the detuning ∆ = ± 16
√
3κ. With the
numbers of our experiment meff = 3.88 × 10−11 kg,
νfsr = c/l = 3.75 GHz, F = 520, Tin = t
2
in = 6.04×10−3,
and Pin = 10 mW the maximum damping rate amounts
to Γmax = −0.2 s−1. This value is approximately 3 or-
ders of magnitude smaller than what we observe experi-
mentally. Thus, the damping mechanism analyzed so far
cannot be the main reason for our observation. Good
agreement can be reached, however, if mirror back scat-
tering is included.
B. Mirror back scattering
Unavoidable scattering at imperfections of a mirror
surface may couple the circulating modes of a ring cavity
[24]. In our experiment we have thus used best avail-
able mirrors and the finesse of the empty ring resonator
can reach values of up to 150000. Still, back scattering
is clearly detectable and must be taken into account. A
complete description is quite involved since every opti-
cal surface in the cavity may contribute. Depending on
the position of these surfaces the various contributions
interfere with different phases. These interferences are
different for each longitudinal mode. Furthermore, the
Purcell effect enhances scattering into cavity modes of
high finesse. We circumvent these details and assume
that all scatterers together act like an additional reflect-
ing element inside the cavity with an effective complex
field reflectivity and transmittivity r2 and t2. The system
is then equivalent to the two membrane system shown in
Fig. 1(a) and the equations (1) can be used as a starting
point for deriving the equations of motion. The pro-
cedure is the same as shown in detail in the preceding
6section for a single membrane, with the difference that
four light fields are involved, and no practical analytical
solution can be found. In particular, Eq. (3) is still valid
with the matrix M and the pumping vector ~η now being
four-dimensional. The matrix M reads
M : =


− 1
τr
0 1
τr
t2rl1e
ikl−iϕd 1
τr
r2rl1e
ikl−iϕd−2ikx2
0 − 1
τd
1
τd
r2rl2e
iϕd+2ikx2 1
τd
t2rl2e
iϕd
1
τd
t1rl2e
iϕd 1
τd
r1rl2e
iϕd−2ikx1 − 1
τd
0
1
τr
r1rl1e
ikl−iϕd+2ikx1 1
τr
t1rl1e
ikl−iϕd 0 − 1
τr

 , ~η =


η
0
0
0

 , (15)
where we have introduced two different delay times τd :=
d
c
and τr :=
l−d
c
. The losses are distributed within the
cavity: rl1 describes the losses along the path from one
membrane to the other membrane via the input coupler
and rl2 describes the losses along the direct path between
the membrane. The first membrane may oscillate while
the second membrane is held fixed at x2 = 0. The sta-
tionary solution for the nonadiabatic correction (8) now
reads
~δ (t) = 2ikx˙1
(
M−1(t)
)2
DM−1~η, (16)
with
D =


0 0 0 0
0 0 0 0
0 − 1
τd
r1rl2e
iϕd 0 0
1
τr
r1rl1e
ikl−iϕd 0 0 0

 . (17)
The solution for the instantaneous field ~Ea and the cor-
rection ~δ can easily be calculated numerically together
with the forces according to Eq. (11). The calculations
are done with a separation between the membrane and
the reflector set to d = l/2. The losses are equally dis-
tributed, r1l = r2l with total losses according to a Finesse
of 520. The red line in Fig. 3 presents the resulting max-
imum damping rates for various reflectivities R2 = |r2|2.
For decreasing R2, mirror backscattering becomes less
and less important. The damping rate levels off and ap-
proaches the analytical solution for an ideal resonator
with a single membrane, (Eq. (14), lower dashed line). In
the opposite limit of R2 = 1 the ring cavity is equivalent
to the standard geometry of a linear cavity with a mem-
brane between the mirrors (MIM). The damping rate of
this limit is already reached for values of R2 > R1 = 0.3,
above which the standing wave inside the resonator is
locked to the position of the second membrane.
For MIM-systems an analytic expression for the damp-
ing rate in the Doppler limit (κ≫ Ωm) is given in [1]
ΓMIM = −1
2
G2
Pin
meffω
· Tinνfsr · 4κ∆
(κ2/4 + ∆2)3
. (18)
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FIG. 3: Optomechanical damping rate of a membrane inside
a ring cavity as function of the reflectivity R2 of an additional
reflector. The separation between the membrane and the re-
flector is set to d = l/2 and the losses are equally distributed,
r1l = r2l with the total losses according to a Finesse of 520.
In the standing wave limit, R2 = 1, this choice allows a direct
comparison with the standard description of a MIM-Sytem
according to Eq. (20) (upper dashed line). The lower dashed
line indicates the result for a single membrane in an ideal
ring cavity, Eq. (14). The black dots are the result of the
expression Eq. (18) by inserting G as determined from calcu-
lated ring cavity spectra. The blue cross corresponds to the
highest experimentally observed damping rate.
The coefficientG =dωc/dx1 is the derivative of the cavity
resonance frequency
ωc =
c
lMIM
arccos
(√
R cos (2k (x0 + x1))
)
,
(19)
with respect to the excursion x1 of the membrane at the
steady state position x0 [6]. R = |r|2 is the reflectivity of
the membrane and lMIM is the mirror separation of the
standing wave resonator. Maximum damping ΓMIM,max
is obtained for 2kx0 =
pi
2 and ∆ = ±
√
5
10 κ. Using the
7same notation as in Eq. (14) one obtains
ΓMIM,max = −16 · 200
27
√
5R1Γ0
(
F
2π
)4
. (20)
Note that for R2 = 1 the resulting standing wave cavity
has a mirror separation of 2l. With the parameters of
our experiment the maximum damping rate amounts to
ΓMIM,max = 5.6× 103 s−1, (upper dashed line in Fig. 3).
This is slightly below the value obtained from our four
mode model. This discrepancy is to be expected since
Eq. (18) is derived from a single mode model that does
not take into account the nonadiabatic correction to the
mode function during the oscillation of the membrane.
Instead, the instantaneous steady state mode is used and
the model explains damping by the nonadiabatic correc-
tion to the mode occupation alone. A full two mode
model is described in ref. [25] but an analytic expression
is not reported.
Our observed damping rate of Γ ∼ 250 s−1 (blue cross
in Fig. 3) can now be explained if we assume an realistic
value for the effective mirror back scattering of R2 ∼ 1%.
C. Phase coupling vs. frequency coupling
The damping mechanism in an ideal ring resonator
in the limit of R2 → 0 is fundamentally different from
that usually discussed in optomechanics. In the latter,
a displacement of the membrane detunes the cavity
resonance relative to the frequency of the incoupled
light which changes the steady state light power in the
cavity (”frequency coupling”). In contrast, a membrane
displacement in an ideal ring cavity has no effect on
the cavity resonance frequency and the steady state
light power does not change. In an ideal ring resonator
it’s the steady state position of the standing wave
inside the resonator that is shifted by the membrane
(”phase coupling”). In a real ring resonator with mirror
back scattering, both effects play a role. In order to
distinguish the contributions of frequency and phase
coupling, we calculate the steady state resonance fre-
quency for various membrane positions x0 and derive the
frequency shift per membrane excursion G =dωc/dx1
for each x0. Similar as in linear cavities one obtains
a periodic function G (x0). We extract the maximum
value Gmax = max (G(x0)) and use Eq. (18) to calculate
the optomechanical damping rate. Its dependency on
the reflectivity R2 is shown in Fig. 3 as black dots. In
the linear cavity limit (R2 = 1), there is exact agreement
with the analytical single mode MIM-model (upper
dashed line), as expected. However, in the ring cavity
limit, R2 → 0, the damping rate tends to zero due to
a vanishing value of G. This is in contrast with the
exact solution (red line) which levels off for values of
R2 . 10
−5. It is quite surprising that frequency coupling
dominates phase coupling already at such minute values
for R2. Pure phase coupling thus seems hard to achieve
experimentally.
V. SUMMARY AND OUTLOOK
We have analyzed the damping of a nanomembrane
inside an optical ring cavity and found a novel optical
damping mechanism that is based on the coupling of the
membrane to the phase of the light field. Furthermore,
we have identified the reflectivity R2 of a second reflec-
tor as crucial parameter for modeling our experimentally
observed damping rates. This second reflector is used to
describe mirror back scattering but it also may represent
a second membrane in the cavity. Since pure phase cou-
pled damping (R2 = 0) is small and hard to observe it is
probably more interesting for future work to investigate
ring resonators with two or more mechanical oscillators.
We have analyzed synchronization by applying the above
described perturbation method to a system of two mov-
ing membranes. For the parameters of our experiment
we find that the relative motion is damped with a high
rate of several 104 s−1 which is comparable to the values
obtained for standard MIM-systems. This indicates that
optical coupling of the oscillators via the cavity fields
leads to efficient phase synchronization. Ring cavities
thus seem to provide a promising playground for studying
light mediated coupling of two or more mechanical oscil-
lators. If applied to oscillators in their quantum ground
state, such long-range coupling may allow for the con-
struction of entangled states and quantum state transfer
between distant oscillators.
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